1 A technique has been developed for studying over periods of 10 min or longer the effects of drugs on both the force of electrically-induced contractions and the oxygen consumption of an isolated, curarized, mammalian, skeletal muscle preparation. 2 The resting oxygen consumption of the muscle was increased substantially by 2,4-dinitrophenol in concentrations (0.02 mm and higher) that eventually produced contracture. Two other uncoupling agents, 4,6-dinitro-o-cresol and carbonylcyanide-p-trifluoromethoxyphenylhydrazone, behaved similarly. 3 The oxygen consumptioQ over 10 min of the stimulated muscle was also increased by 2,4-dinitrophenol (0.05 mM), although the strength of the 'maximal' contractions was lessened. 4 Amylobarbitone increased the strength of contraction at a concentration (0.2 mM) that did not affect oxygen consumption significantly. Amylobarbitone and pentobarbitone also increased it at a concentration (1 mM) that depressed oxygen consumption. They decreased both strength of contraction and oxygen consumption at a concentration of 5 mm. Phenobarbitone had a weaker action. 5 S-n-decyl-thiouronium increased oxygen consumption when given at a concentration (1 mM) that diminished strength of contraction and eventually produced contracture of the muscle. 6 Both S-methyl-thiouronium (1 mM) and 4-aminopyridine (0.1 mm and 0.5 mM) increased strength of contraction without increasing oxygen consumption. Neither strength of contraction nor oxygen uptake was affected by ouabain (up to 0.01 mM) or by phenformin (0.1 mM). 7 It is concluded that the response to 2,4-dinitrophenol is due mainly, if not wholly, to its known ability to uncouple oxidative phosphorylation; that the response to the barbiturates is due to a combination of a known metabolic action (viz., blocking of the respiratory chain) and a stimulant action on muscle; and the response to S-n-decyl-thiouronium to a disruptive action on cell membranes. The disproportionate actions of 4-aminopyridine and S-methyl-thiouronium on strength of contraction relative to oxygen consumption are also attributed to a non-metabolic action.
Introduction
Many of the drugs that depress muscular activity possession of other and more powerful actions. It probably do so almost exclusively by direct interferremains uncertain even with such well-known drugs ence with excitation or contraction, but since proas the barbiturates as to what extent their metabolic longed muscular activity is dependent upon the proactions contribute to their effects on muscle and nerve duction of 'energy-rich' phosphates, one would expect (Goodman & Gilman, 1975 electrically stimulated, curarized, skeletal muscle preparation. Part of this work was briefly described at a meeting of the Australian Physiological and Pharmacological Society (Bills & Fastier, 1977) and another part at a meeting of the British Pharmacological Society (Beresford, 1978) .
Methods
The technique was based on that described by Fastier & Sullivan (1977) , except in some control experiments with 4-aminopyridine, in which the technique was that of Biilbring (1946) . It involves mounting curarized rat diaphragm muscle in a small closed chamber containing both an oxygen electrode and stimulating electrodes.
The organ bath
This was cut out of a thick 'Perspex' block. In 9 experiments in which absolute measurements were made by gas analysis, the average value for the oxygen uptake of the resting tissue was 1.3 gil mg1 dry wt. h-l, a figure which, given the differing experimental techniques involved, does not differ unduly from that of Weeks & Chenoweth (I1952) . Upon stimulation of the muscle, oxygen consumption rose to 2.1 to 3.5 gl mg-' dry wt. h-'. In the much larger number of experiments in which only relative measurements were made, electrical stimulation of the muscle produced within a minute or two, as can be seen in Figure 1 , a significantly steeper fall in Po2 than that obtained before stimulation (160 observations; P < 0.001).
The delay between onset of stimulation and maximum rate of P02 decline might be related to the time required to use existing ATP stores. We think it significant that, after a period of electrical stimulation, the oxygen consumption of the resting muscle took several minutes to decline to a steady level. In the course of 1 to 2 h the oxygen consumption of both resting and stimulated muscle slowly declined.
The force of the isometric twitch diminished with prolonged and fairly rapid stimulation. After 10 min it had declined by 19 + 1% of the maximal value (160 observations). The same phenomenon has been noted by other workers (Brown, Bulbring & Burn, 1948; Weeks & Chenoweth, 1952) .
Drug effects on resting muscle
In the presence of 2,4-dinitrophenol (DNP), in a concentration of 0.02 mm or more, a state of contracture developed after several minutes (Figure 2 ). An increased rate of oxygen consumption, indicated by a rapid fall in Po2 preceded and accompanied the con- Electrical stimulation was begun at each arrow. Fresh Krebs-Henseleit solution was introduced at the points marked with dots and the drug at (A).
cresol (3 gM) and with carbonylcyanide-p-trifluoromethoxyphenylhydrazone (0.1 gM).
No obvious effect was produced by A9-tetrahydrocannabinol (THC) when it was tested in up to a saturation concentration (3 gM) or by ethanol in the amount needed to dissolve the THC introduced into the reservoir.
Drug effects on contracting muscle
The chief results are summarized in Table 1 , which shows that certain drugs can affect oxygen consumption and strength of contraction disproportionately. Electrical stimulation was begun at each arrow. Fresh Krebs-Henseleit solution was introduced at the points marked with dots and the drug at (A).
lowered to 1 mm, the strength of muscle contractions was increased (Figure 4 ) although oxygen consumption remained depressed. In another 8 experiments with amylobarbitone in which the concentration was reduced to 0.2 mm, the strength of muscle'contractions was increased significantly but the oxygen consumption was unchanged. Phenobarbitone (1 mM) did not affect either muscle contractions or oxygen consumption. The response to a higher concentration (5 mM) of phenobarbitone resembled that to 0.2 mm of amylobarbitone. S-n-decyl-thiouronium (S-10) in high concentration (1 mM) sharply increased muscle tone. As contracture developed, the strength of the electrically-evoked contractions soon declined. Throughout the period of exposure to the drug, oxygen consumption was increased significantly. Lower concentrations of S-10 did not increase either the muscle contractions or the oxygen consumption.
A significant increase in the strength of contractions was produced by S-methyl-thiouronium (S-1), a short-chain homologue of S-10. The rate of oxygen consumption of the tissue was not altered.
The effect of 4-aminopyridine (4-AP) on the strength of muscle contractions resembled that of S-1. At 0.1 mm the increase was slight but statistically significant. At five times this concentration (0.5 mM) the force of contraction was roughly doubled (Figure 5 ). The stimulant effect of the drug persisted for 1 or 2 h even when the preparation was washed repeatedly with plain Ringer solution. A further large dose of 4-AP had little additional stimulant effect. Neither concentration altered the rate of oxygen consumption.
To confirm that a 13 gM concentration of tubocurarine was sufficient to maintain neuromuscular blockade in the presence of 4-AP, a known anticurare agent (Bowman, Harvey & Marshall, 1976) , control experiments were performed with the Builbring (1946) innervated rat diaphragm preparation. Tubocurarine, added to the bath to give a 13 gM concentration, suppressed the contractions evoked by electrical stimulation of the phrenic nerve. This suppression of indirect stimulation of the muscle could not be counteracted by 4-AP, even when given in the highest concentration (0.5 mM) in which it was used in our direct stimulation experiments.
Neither strength of contraction nor rate of oxygen consumption was affected by phenformin (1 mM) or by ouabain (tested in concentrations of up to 0.01 mM).
Discussion
QOxygen consumption has been established as a good indicator of total energy turnover in mammalian smooth muscle (Bulbring & Golenhofen, 1967; Weston, 1972 , Kumar, 1977 . Drug effects on the oxygen consumption of skeletal muscle have received less attention (Stainsby & Barclay, 1972) . We have used a curarized skeletal muscle preparation because we wished to ascertain whether direct metabolic actions can play an important part in determining the effects on muscle of such drugs as the barbiturates and it was therefore important to minimize other possible actions. Our technique shares certain features with those described by Novotny & Bianchi (1967) and by Lechner, Siess & Hoffman (1970) .
Although the energy needed for muscle contraction is supplied directly by 'high-energy' phosphates, other compounds are needed in turn as fuel. A valid measure of their rate of consumption under aerobic conditions is supplied by recovery oxygen consumption (Kushmerick & Paul, 1976) . However, this measure must be used with caution. Steady state conditions will not be approached until stores of highenergy phosphates have been used up. Likewise, oxygen consumption will remain above the level for resting muscle for some time after a period of stimulation. In our experiments the slope of the P02 trace gradually increased during the first few minutes of stimulation (Figures 1,3,4,5) . It was for this reason that we have employed the steady slope (i.e., that obtained from about the 4th min onwards) to measure the rate of oxygen uptake.
We tested DNP first because some of its effects on rat diaphragm have already been studied. Like Weeks & Chenoweth (1952) , we found that DNP can increase the oxygen consumption of the resting muscle even without the development of contracture. When contractions were produced by electrical stimulation, their strength was subnormal in the presence of a concentration of DNP which increased oxygen consumption. This would be expected of a compound which acted largely by preventing oxidative reactions in mitochondria being used to phosphorylate adeno-sine diphosphate. The uncoupling action for DNP (Slater, 1967) might be sufficient to impair ATP production even when oxidative activity is excessive. Barnes, Duff & Trelfall (1955) have shown by chemical analysis that a dose of DNP which produces contracture of the isolated rat diaphragm causes profound falls in the concentration of energy-rich phosphates. Lechner et al. (1970) did not observe an increased oxygen uptake when DNP was given in a dose which depressed atrial contractions, but this dose was higher than that used by either Weeks & Chenoweth (1952) or ourselves. The difference in dose may be significant in that high concentrations of DNP have been shown to inhibit the oxygen uptake of isolated mitochondria (Chance, Williams & Hollunger, 1963; van Dam, 1967) .
The respiratory chain is inhibited by various barbiturates and long-chain amidines (Slater, 1967) . This action would explain why oxygen consumption was depressed when amylobarbitone or pentobarbitone was given in a concentration of 1 mm or higher. It does not explain why these barbiturates initially increased strength of contraction. Since this effect was obtained in curarized preparations, it is probably due to a direct action on muscle, possibly one involving the release of calcium from the sarcoplasmic reticulum. The higher concentration of phenobarbitone required to produce an action on the preparation may be a consequence of its slower rate of penetration into tissues.
Several amidines have been found capable of inhibiting the respiratory chain at phosphorylating sites I, II or III Slater, 1967; Papa, Tuena de Gomez-Puyou & Gomez-Puyou, 1975; Tuena de Gomez-Puyou & Beigel, 1976) . These amidines include synthalin (decamethylenediguanide) and phenformin (2-phenylethyl-diguanide), which have been used clinically as hypoglycaemic agents. We found synthalin too insoluble for satisfactory testing. Phenformin did not affect the preparation at a concentration of 1 mm. S-10, which would be expected on structural grounds (Fastier, 1962) to be mainly a site I inhibitor like the corresponding alkyl-guanidine, resembled DNP in that it increased oxygen consumption and eventually produced muscle contracture when tested at a 1 mm concentration. The concentration of S-10 was critical, lower doses being without effect on the preparation. A comparable dose-dependency has been found with S-10 when this compound has been tested on other preparations. For example, when incubated with erythrocytes in vitro, S-10 stabilizes the membrane at low concentrations but lyses it when given in concentrations of 1 mm or more (Beresford, 1976) . It has been suggested (Green & Baum, 1970 ) that compounds which damage the cell membrane might eventually rupture repeating units in the membrane. These ruptured units would then act as sinks for the energized state, uncoupling respiration within the cell, a state of affairs comparable with that produced by freezing and rapid thawing.
Several drugs were tested to see whether it might be possible, at least in the short run, to obtain increased strength of contractions without a commensurate increase in oxygen consumption. Since rat muscle is relatively insensitive to cardiac glycosides (Goodman & Gilman, 1975) , it is not surprising that ouabain had no obvious effect on the preparation. Experiments were then performed with S-1 and 4-AP, two of a number of small cations known to share such pharmacological properties as an ability to increase the 'maximal' twitch of rat diaphragm (Fastier, 1962) . Both compounds were able to increase strength of contraction without increasing significantly the rate of oxygen consumption. It has been shown recently (Pelhate & Pichon, 1974; Wagner & Ulbricht, 1975; Gillespie, 1977) that 4-AP can block potassium channels in various tissues. This action would be expected to prolong the action potential and hence increase strength of contraction. S-1 may act similarly.
The lack of response to THC, which is now believed to be the chief active constitutent of cannabis, seems ironical in that the preparation was devised primarily in the hope that it might be used to show that THC can uncouple oxidative phosphorylation, not only in isolated mitochondria (Mahoney & Harris, 1972; Bino, Chari-Bitron & Shahar, 1972) , but also in a relatively intact preparation. Since it has been observed by Parker, Barnes & Denz (1951) that rigor mortis develops very rapidly in animals poisoned by uncoupling agents of the DNP type, we think it significant that contracture can be provoked more readily in muscles taken from rats which have been fed large amounts of THC over a day or two than in the muscles taken from control animals (Bills & Fastier, unpublished observations) . THC is known to be strongly bound by certain proteins and other tissue constituents (Paton, 1975 
